Autosomal trisomies and monosomies bring serious threats to embryonic development through transcriptional disarray caused primarily by the dosage effect of the aneuploid part of the genome. The present study compared the effect of a mouseviable 30-Mb segmental trisomy on the genome-wide transcriptional profile of somatic (liver) cells and male germ cells. Although the 1.6-fold change in expression of triplicated genes reflected the gene dosage in liver cells, the extra copy genes were compensated in early pachytene spermatocytes, showing 1.18-fold increase. Although more pronounced, the dosage compensation of trisomic genes was concordant with the incidence of HORMAD2 protein and histone gammaH2AX markers of unsynapsed chromatin. A possible explanation for this includes insufficient sensitivity to detect the meiotic silencing of unsynapsed chromatin markers in the 30-Mb region of the chromosome or an earlier silencing effect of another epigenetic factor. Taken together, our results indicate that the meiotic silencing of unsynapsed chromatin is the major, but most likely not the only, factor driving the dosage compensation of triplicated genes in primary spermatocytes.
INTRODUCTION
Aneuploidy, defined as the loss or gain of a chromosome or a chromosomal segment, may disrupt otherwise precisely tuned expression of the genome. Seminal work in plants and Drosophila [1] [2] [3] has revealed that changes by ploidy usually display a mild effect, but addition or subtraction of a single chromosome or a chromosomal segment can result in more pronounced developmental alterations. Gene expression levels can either be buffered by dosage compensation or follow the chromosomal dosage in a direct or inverted mode. Dosage compensation is achieved by a variety of mechanisms acting at the transcriptional or post-transcriptional levels [4] . In the somatic cell lineage of metazoan organisms, dosage compensation has been most thoroughly analyzed in the sex chromosomes. Molecular responses to an uneven number of X chromosomes in males and females evolved differently in separate clades in parallel with differentiation of sex chromosomes [5] . Although the XIST and RSX long, noncoding RNAs are used by mammals and marsupials to downregulate one of the two X chromosomes in females (sex chromosome system: XX, XY), fruit flies (XX, XY) establish balance between the sexes by targeting the MSL complex (but see [6] ) to the male X chromosome to ensure 2-fold upregulation of the X-linked genes in males. Even more intricate dosage compensation has evolved in nematode worms (XX, X0), which balance expression of the X-linked genes in both sexes by recruitment of dosage compensation complexes to X chromosomes of female hermaphrodites, thus reducing RNA polymerase II access to promoters [7] . In mammalian germline, the X-chromosome activity is under unequal epigenetic control during male and female gametogenesis, causing inactivation of the single X chromosome in the male meiotic prophase I, and active transcription of both X chromosomes in females [8] .The first observation of the effect of autosomal aneuploidy on germ cell chromatin modifications and gene expression was reported in mice with partial autosomal trisomies [9] . In humans, aneuploidies bring serious threats to embryonic development, resulting predominantly in spontaneous abortions [10] . The lethal effects are caused by genome-dosage imbalance associated with disturbances of gene expression and consequent disorders at the cell, organ, and organism levels. Details of the molecular mechanisms are still poorly understood. The causality between the clinical symptoms of the most frequent viable human aneuploidy known as Down syndrome and the trisomy of chromosome (Chr) 21 has been known since 1959 [11] ; however, genome-wide screens of expression changes appeared only recently. Meta-analysis of 45 publicly available Down syndrome data sets revealed 324 genes with significant dosage effects, of which 77 were located inside (cis effect) and 247 outside (trans effect) the trisomic Chr 21 [12] .
Mouse partial trisomies proved to be invaluable models of Down syndrome [13] . In-depth gene expression profiling of the most studied Ts65Dn trisomy showed a significant dosage effect for the trisomic region, with the gene expression ratio close to 1.5. The dosage effect occurred in most tissues analyzed, with partial reduction in muscle and brain. A handful of genes deviated from dosage dependence in both directions, some of which were compensated to the level of diploid controls and others were upregulated, surpassing the expected dosage effect [14, 15] .
The mouse Ts43H model of segmental chromosomal trisomy was derived from an autosomal reciprocal translocation between Chrs 16 and 17, T(16;17)43H, which causes male sterility and generates segmental trisomy after adjacent-2 disjunction in female meiosis [16] [17] [18] . The Ts43H trisomic mice carry the supernumerary segment of the centromeric 30.0 Mb of Chr 17 translocated to the top of Chr 16 (Fig. 1A) . We previously explored Ts43H as a Down syndrome mouse model and found the spatial learning deficits and a dosage-dependent elevation of expression of selected trisomic genes in the brain [19] . The Ts43H trisomic males were fertile despite the triplicated 30-Mb chromosomal segment [20] , but the closely related T43H/þ males carrying the heterozygous balanced translocation caused asynapsis of the rearranged autosomes and arrest of spermatogenesis at late pachytene stage. Meiotic arrest in T43H/þ males was accompanied by transcriptional downregulation of the asynapsed region and upregulation of Chr X gene expression [21, 22] . Here we addressed the question of gene dosage effects on Ts43H trisomy in somatic and germ cells. We compared the global expression profiles in meiotic and liver cells of Ts43H trisomic males and their euploid siblings. The observed dosage compensation of the supernumerary segment of Chr 17 in male meiotic cells partially correlated with the histone and synaptonemal protein modifications related to meiotic silencing of unsynapsed chromatin.
MATERIALS AND METHODS

Mice
The T43H inbred strain carries T(16;17)43H reciprocal translocation of Chrs 16 and 17 on C57BL/6J genetic background [21] [22] [23] . The t121/Ph (here t121) strain is homozygous for t 121 recombinant t-haplotype [19] . Both strains were developed at the Institute of Molecular Genetics, Academy of Sciences of the Czech Republic (AS CR). To generate mice with the Ts43H segmental trisomy, we crossed (t1213T43)F1 females with a male of the C57BL6/J-Chr 17 PWDPh / ForeJ intersubspecific Chr 17 substitution strain (here, D17) [24] . The progeny were divided into three genotypes: Ts43H, trisomic; t121/D17, euploid; and T43/ D17, carrying the T43H translocation in the heterozygous state. To distinguish among the progeny, we set up an allele-specific PCR of an SSLP (simple sequence length polymorphism) locus located at the proximal portion of Chr 17 (D17Mit79 Fertility Parameters, Histology, and TUNEL Assay Progeny from mating (t1213T43)F1 females with D17 males were genotyped to select trisomic males, Ts43H; normal disomic males, t121/D17; and males heterozygous for T43 translocation, T43H/D17. The mice were euthanized by cervical dislocation at 60-70 days of age. Wet weight of both testes was determined to the nearest milligram immediately after dissection. The sperm count was determined using a hemocytometer in a cell suspension prepared from extracted epididymides in PBS, pH 7.2. Relative testes weight (rTW) was defined as the ratio of testes weight to body weight (milligram/ gram). The left testis was used for spread nuclei preparation, and the right one was fixed in Bouin solution (Sigma-Aldrich). Fixed testes were embedded in paraffin, serially sectioned at 3-to 5-lm thickness, and mounted on slides. The mounted sections were deparafinized, rehydrated, and stained either with hematoxylin-eosin or with the periodic acid-Schiff protocol. The specimens were examined using an Eclipse 200 microscope (Nikon). Images were captured with a Penguin model 150CL charge-coupled device color camera (Pixera) and processed with Photoshop software (Adobe Systems). Apoptotic nuclei were detected in 5-lm paraffin-embedded sections of seminiferous tubules by fluorometric TUNEL assay according to the manufacturer's protocol (DeadEnd fluorometric TUNEL system; Promega).
Immunofluorescence and DNA Fluorescence in Situ Hybridization
The males of each genotype, Ts43H, t121/D17, and T43H/D17, were euthanized by cervical dislocation, and the testes were immediately dissected. The surface spread meiocytes were prepared as described previously [22, 25] . The immunofluorescence experiments were performed using the following primary antibodies diluted as indicated: mouse anti-SYCP3 (1:100 dilution, code sc74569; Santa Cruz Biotechnology, Inc.), rabbit anti-HORMAD2 (1:500 dilution; a kind gift from A. Toth, Dresden University of Technology), rabbit anti-cH2AX (1:1000 dilution, code ab2893; Abcam), human anti-centromere (1:100 dilution, product no. 15-235; Antibodies, Inc.), rabbit anti-SYCP1 (1:500 dilution, code ab15087; Abcam). The following Alexa Fluor-labeled secondary antibodies were used: goat anti-rabbit IgG-488 (1:400 dilution, code A-11034; MolecularProbes), goat anti-mouse immunoglobulin G (IgG)-568 (1:400 dilution, code A-11031; Molecular Probes), goat anti-rabbit IgG-568 (1:400 dilution, code A-11036; Molecular Probes), goat anti-mouse IgG-350 (1:400 dilution, code A-21049; Molecular Probes), goat anti-mouse IgG-488 (1:400 dilution, code A-11029; Molecular Probes), goat anti-human IgG-647 (1:400 dilution, code A-21445; Molecular Probes), and goat anti-human IgG-594 (1:400 dilution, code A-11014; Molecular Probes). Nuclear DNA was counterstained with 4 0 ,6-diamidino-2-phenylindole (DAPI) after mounting with antifade solution (Vectashield; Vector Labs).
Fluorescence in situ DNA hybridization (DNA FISH) was performed with mouse Chr 17 paint probe (MetaSystems) after immunolabelling of synaptonemal complexes as described previously [26] .
The immunofluorescence and DNA FISH images were observed with an Eclipse 400 model epifluorescence microscope (Nikon) with single-band pass filters for excitation and emission of infrared, red, blue, and green fluorescence (Chroma Technologies) and 603 Plan Fluor objective (product MRH00601; Nikon). The images were captured with a DS-QiMc model monochrome charge-coupled device camera (Nikon) and Elements processing software (NISElements microscope imaging software). Images were adjusted with Photoshop software (Adobe Systems). Super-resolution image microscopy was performed using the Axioimager Z.1 platform (Zeiss) equipped with the Elyra PS.1 superresolution system (Zeiss) for super-resolution structured illumination microscopy (SR SIM) and the LSM780 module for confocal laser scanning microscopy (CLSM), using Alpha Plan Apo 633, 1.40 numerical aperture oil objective (total magnification 31008; Zeiss) with appropriate oil (Immersol 518F; Zeiss). SR SIM setup consisted of 5 rotations and 5 phases for each image layer. Up to 7 (usually 3) 110-nm Z stacks were acquired per image.
Isolation and Characterization of Spermatogenic Populations
Spermatogenic populations were isolated from 3 biological replicates from both the Ts43H trisomics and t121/D17 euploid controls, except for the population of pre-mid pachytene spermatocytes, from which 2 biological replicates were obtained. The populations were isolated using a fluorescenceactivated cell sorter (FACS) as described previously [22, 27] . Briefly, the spermatogenic tubules released from a pair of testes were incubated in enriched Krebs-Ringer bicarbonate (EKRB) medium with collagenase (0.5 mg/ml; Sigma) for 20 min at 328C on a shaker. The tubules were filtered with a cell strainer (Falcon; BD Biosciences) and incubated with collagenase under the same conditions. The filtered suspension was washed twice with EKRB medium containing 1% fetal calf serum (FCS). Finally, the cells were diluted in 1 ml of EKRB medium with 1% FCS and stained with Hoechst 33342 dye (5 lg/ml) for 1 h at 328C. Propidium iodide was added just before FACS analysis to a concentration of 2 lg/ml. Three independent populations of spermatogenic cells, namely pre-mid spermatocytes (leptotene, zygotene, and early pachytene spermatocytes), mid-late spermatocytes (mid and late pachytene, and diplotene spermatocytes), and spermatids, were sorted according to red and blue Hoechst emission [27] . The sorted cell populations were collected in RLT buffer (RNeasy Micro isolation kit; Qiagen), and RNA was isolated. The aliquots JANSA ET AL.
were sorted into EKRB medium for parallel immunofluorescence analysis (using SYCP3, SYCP1, and cH2AXF immunostaining) to verify the composition of the isolated populations.
RNA Isolation and Microarray Analysis
Total RNA from spermatogenic populations and liver tissue was prepared with an RNeasy Mini isolation kit (Qiagen) according to the manufacturer's instructions. The liver RNA was prepared in three biological replicates for both Ts43H trisomics and t121/D17 euploids as described previously [22] .
The total RNA (20-30 ng) was converted to cRNA using the Two-Cycle target-labeling kit (Affymetrix) according to the manufacturer's instructions. GeneChip mouse genome 430 2.0 arrays (Affymetrix) were hybridized with cRNA obtained from the isolated populations [22] . Hybridized samples are summarized in Supplemental Table S1 (all Supplemental Data are available online at www.biolreprod.org). The data obtained were analyzed with Bioconductor version 1.9 software (http://www.bioconductor.org/) and R project software for statistical computing (version 2.3; http://www.r-project. org/). The probes were annotated according to Entrez gene identifiers, using the custom chip description file ''mm430mmentrezg'' version 10 based on National Center for Biotechnology Information build 37 [29] . The data were normalized with GC-RMA software of Bioconductor [30] . We used Linear Models for Microarray (LIMMA) software version 3.6 [31] for statistical evaluations of expression differences. A linear model was fitted for each gene in a given series of arrays by using the lmFit function. To rank the differential expression of genes, we applied the eBayes function of the empirical Bayes method. A correction for multiple testing was performed using the BenjaminiHochberg false discovery rate method [32] . Genes were considered expressed if average expression value from all samples was 50. Supplemental Table S2 . The primers' amplification efficiency was expected to be 2, and the expression values were normalized to RNA amount or Actb expression.
Statistics
Statistical analysis was performed using the Graph Pad Prism statistical program, except for the microarray analysis.
RESULTS
Effect of 30-Mb-Long Segmental Trisomy on Body Weight and Male Fertility
Mice with segmental trisomy were born from the crosses between (t121xT43)F1 females and males carrying the D17 chromosome substitution (see Materials and Methods for details). The cross was designed to distinguish between individual Chr 17 allelic forms in trisomic males using strains t121, T43, and D7. The three cross-segregated Chr 17 genotypes, Ts43H trisomics (Ts), t121/D17 euploids (Eu), and T43/D17 balanced translocation heterozygotes (Fig. 1A) . The Ts43H trisomic males were significantly smaller, showing 3/5 of the body weight of their t121/D17 and T43H/D17 littermates (Fig. 1B) . Their spatial learning deficits were described previously [19] . In contrast, the mean rTW (relative testes weight to body weight; milligram/gram), a sensitive indicator of spermatogenic failure, was lower than those of t121/D17 euploid males (6.36 6 1.17 and 8.69 6 0.52, respectively, P , 0.0001) (Fig. 1C) . Stronger reduction of rTW (3.38 6 0.42) was observed in the T43/D17 sterile translocation heterozygote siblings due to early meiotic arrest (Fig. 1C) . The sperm count of Ts43H trisomics was also lower than that of t121/D17 euploid siblings (5.89 6 3.78 and 22.72 6 15.42 3 10 6 sperms per pair of epididymides, respectively, P , 0.05) and zero in T43H/D17 translocation heterozygote males (Fig.  1D) . To evaluate the degree of male germ cell differentiation, we examined the testicular histological sections of trisomic and euploid males. The sections of seminiferous epithelium showed normal germ cell development in both trisomic and t121/D17 euploid males, but the occurrence of spermatozoa in tubule cross-sections decreased in the trisomics (Supplemental Fig.  S1 ). A small but significant increase in the frequency of apoptotic cells was observed in the histological sections of Ts43H samples compared to those of t121/D17 euploid controls (1.41 6 0.29 apoptotic cells per tubule vs. 0.69 6 0.16, respectively, P , 0.05) (Fig. 1E ) and contrasted with a high rate of apoptosis in the spermatogenic cells in T43/D17 sterile translocation heterozygotes (5.54 6 0.65). In conclusion, the Ts43H segmental trisomy exerted a mild effect on male fertility but a significant effect on body size. In contrast, the T43H balanced translocation did not affect the body weight but caused early meiotic arrest and male sterility as described previously [21, 33] .
Impact of Gene Dosage on Transcription Operates in Liver but not in Spermatogenic Cells
To compare the trisomic and euploid transcriptome profiles in liver and spermatogenic cells, we prepared total RNAs from liver and from FACS-isolated populations of spermatogenic cells at leptotene-early pachytene, mid-late pachytene, and spermatid stages.Transcription profiles were analyzed using mouse genome arrays (GeneChip 430 2.0 array; Affymetrix) and calculated as the Ts43H:t121/D17 (Ts:Eu) ratio. Liver cells showed an overall 1.5-fold increase in gene expression in the trisomic interval and 1.0 Ts:Eu ratio in the distal, euploid part of Chr 17. Such distinction between the trisomic and euploid parts of Chr 17 was not apparent in the germ cells (Fig. 2) . Remarkably, the most stringent trisomy dosage compensation was observed at the early stage of meiosis, in pre-mid pachytene spermatocytes, and was partially released in later stages. The median Ts:Eu expression ratios for the triplicated region were 1.18 in pre-mid-pachytene spermatocytes, 1.23 in mid-late-pachytene spermatocytes, 1.28 in spermatids, and 1.61 in liver cells (Fig. 3 and Supplemental Table S3 ). The average gene expression of the trisomic and euploid part of Chr 17 for individual biological replicas is shown in Supplemental  Fig. S2 . In the trisomic region, 10 genes were more than 2.5-fold upregulated in the liver, 2 in pre-mid pachytene, and 1 in mid-late pachytene and in spermatids. Most of the outliers in the euploid part of the genome were found in the liver (Ts:Eu , 0.4 or Ts:Eu . 2.5 for downregulated and upregulated outliers, respectively [Supplemental Table S4] ). Thus, gene expression levels in the Ts43H liver reflected their dosage, whereas incomplete dosage compensation took place in three populations of spermatogenic cells (Fig. 2) .
Previously we observed disturbed meiotic silencing of sex chromosomes (meiotic sex chromosome inactivation [MSCI]) associated with the meiotic arrest of T43/þ translocation heterozygotes [21] . To find out whether Ts43H trisomy interferes with MSCI, we compared the Ts:Eu expression ratios for the entire Chr X in parallel with the proximal (0-30 Mb) and distal (30-95 Mb) parts of Chr17 (Fig. 3) . The median expression ratios of X-linked genes did not significantly differ between germ cells and liver, suggesting that the Ts43H segmental trisomy does not interfere with the process of MSCI. Thus, Ts43H trisomy differs from T43H balanced translocation, which interferes with MSCI and causes pachytene arrest and cell apoptosis [21] .
Dosage compensation was further validated in selected genes from within the triplicated region by qRT-PCR (Supplemental Fig. S3) . Median values of the Ts:Eu relative expression ratios confirmed the dosage compensation in premid-pachytene spermatocytes (ratio of 0.97, seven genes analyzed) and in mid-late-pachytene spermatocytes (ratio of 1.21, nine genes analyzed). The relative expression ratio in spermatids, 1.31, was classified as intermediate between dosage compensation and the linear effect observed in liver cells (ratio of 1.47, 11 genes analyzed).
Is Dosage Compensation Related to Meiotic Silencing of Unsynapsed Chromatin?
Using genome-wide expression profiling and single-cell RNA FISH, we and others [22] (for review see [34] ) have shown that failure of meiotic synapsis can result in downregulation or silencing of mRNA transcription of genes in the unsynapsed interval, a phenomenon known as meiotic silencing of unsynapsed chromatin (MSUC) [35] . MSUC can interfere with MSCI, by a mechanism that is still not understood, resulting in meiotic arrest and male sterility [36] . To gain insight into the relationship between dosage compensation and MSUC, meiotic chromosome synapsis was studied by immunofluorescence labeling of specific meiotic markers in pachytene chromosome spreads of Ts43H trisomics (9 males, 769 cells), t121/D17 euploid controls (5 males, 500 cells), and T43H/D17 (7 males, 503 cells) (Fig. 4, A and B , and JANSA ET AL.
Supplemental Table S5 ). The centromeric segment of Chr 17 translocated to the top of Chr 16 remained either asynapsed or synapsed on itself, forming the Chr 16 17 /Chr 16 ''pseudobivalent'' configuration in 90% of the Ts43H pachynemas. In 10% of cells, it synapsed with 1 of the 2 intact Chrs 17 and formed a ''quadrivalent'' configuration (Fig. 5) . Only a fraction of pachynemas, namely 21% of those carrying pseudobivalents and 32% of those forming quadrivalents, displayed signs of asynapsis as determined by HORMAD2 protein localization (Fig. 4C) . Similar asynapsed-to-synapsed chromosome ratios were obtained using histone cH2AXF pattern as a mark of asynapsis (Fig. 4D) .
The autosomal asynapsis was limited exclusively to Chr 17, as confirmed by whole-chromosome DNA FISH evaluated by The segmental trisomy did not exert a global trans effect on Chr X genes (red boxes) and distal Chr17 genes (green boxes). However, the expression of triplicated genes in the proximal region of Chr 17 showed a Ts:Eu median ratio of 1.6 in liver cells compared to a 1.18 ratio in early to mid pachytene, a 1.23 ratio in mid to late pachytene, and a 1.28 ratio in spermatids. pm-PS, pre-mid pachytene spermatocytes; mL-PS, mid-late pachytene spermatocytes; ST, spermatids.
GENE DOSAGE COMPENSATION IN SPERMATOGENIC CELLS
super-resolution microscopy ( Fig. 5 and Supplemental Fig.  S4 ).
In conclusion, the expression of genes within the 30-Mb segmental trisomy reflected the gene dosage in somatic (liver) cells but was partially compensated (Ts43:Eu ratio of 1.18) in pre-mid-pachytene spermatocytes. The extent of transcriptional silencing was higher than the degree of pachytene asynapsis of the triplicated region as determined by HORMAD2 and cH2AXF immunostaining.
DISCUSSION
Autosomal gene dosage compensation was discovered in maize and flies [1, 2, 37] . The present study of male mouse germ cells presents, to the best of our knowledge, the first example of dosage compensation of a trisomic autosomal segment in mammals. The dosage compensation is widely recognized as a mechanism balancing gene expression levels of sex chromosomes in heterogametic organisms (reviewed in refs. [38 and 39] ). In contrast to dosage compensation, which evolved together with sex chromosomes, the autosomal genomic imbalances originate in parental germ lines de novo, either by incompatibilities of parental genomes, such as a consequence of chromosomal translocation heterozygosity, or accidentally by meiotic errors. Autosomal imbalances can result from nondisjunction, a failure to properly segregate homologous chromosomes or sister chromatids [40] . Transcriptional studies of autosomal genes in somatic cells showed dosage effects reflecting the chromosome copy number in mouse Down syndrome models [14] , in human Down syndrome-derived cell lines [41] , and in human trisomic and tetrasomic lines [42] . On the other hand, the abundance of some proteins, such as subunits of protein complexes and protein kinases, can be compensated toward diploid levels in the human polyploidy lines [42] .
Our study of genome-wide transcriptional profiles in mice carrying the Ts43H segmental trisomy revealed dosage compensation of genes within the 30-Mb triplicated autosomal sequence in male meiotic germ cells, which contrasted with the linear gene dosage response shown by somatic liver cells. Remarkably, the genomic imbalance due to the segmental trisomy was compatible with male fertility but affected body weight and spatial learning deficits as shown previously [19] , whereas their balanced T43H translocation-heterozygous siblings were affected by spermatogenic arrest at late pachytene stage but without apparent somatic defects. Dosage compensation exerted the most powerful downregulation in the earlier stages of meiotic prophase I and then weakened at late prophase I and in postmeiotic phase, gradually increasing the relative (Ts:Eu) expression levels. The tendency was validated by qRT-PCR of individual genes. The early onset of transcriptional downregulation of the triplicated genes was reminiscent of downregulation of genes located in the proximity of translocation breakpoint at the late zygonema-early pachynema stage of T43H/þ males, which precedes meiotic silencing of sex chromosome inactivation [22] . Thus, MSUC [43, 44] could be the mechanism behind transcriptional silencing in both cases. Provided that the third copy of 30-Mb segment of Chr 17 were asynapsed and silenced in each pachytene spermatocyte, the complete dosage compensation could be anticipated. To examine the synaptic status of pachytene chromosomes involved in Ts43H trisomy, asynapsed chromosomal axes were monitored by HORMAD2 and by the persistence of unrepaired double-strand breaks (DSBs) marked by H2AXF. The analysis revealed substantially lower frequency of autosomal asynapsis and lower number of unrepaired DSBs than expected from the gene expression data. The lesser extent of autosomal asynapsis in Ts43H pachytene spermatocytes could be ascribed either to heterologous selfsynapsis or synaptic adjustment, which would not inhibit transcriptional silencing, or to less efficient phosphorylation of H2AXF and loading of HORMAD2 on the relatively small triplicated autosomal region, or to both.
The study of T43H reciprocal translocation heterozygotes revealed a correlation between the degree of asynapsis of the translocation quadrivalent and silencing of the genes in the asynapsed area around the translocation break, but no quantitative evaluation was attempted [22] .
Recently, an incomplete recruitment of MSUC epigenetic markers was described in the asynapsed regions of autosomes involved in Robertsonian translocations [45, 46] . Its extent declined during the pachytene stage of spermatogenesis and varied with age, but the effect on gene silencing was not reported.
We conclude that the dosage compensation of genes within the trisomic segment is concordant with HORMAD2 and cH2AXF MSUC markers but is much stronger than predicted from their frequency in pachytene spreads. The possible explanations include insufficient sensitivity to detect both MSUC markers in a 30-Mb region of the chromosome or an earlier silencing effect of another epigenetic factor. It could be that synaptic adjustment or heterologous self-synapsis can abolish recruitment of HORMAD2 and phosphorylation of H2AXF but cannot fully prevent transcriptional silencing of triplicated genes. These alternatives are amenable to experimental verification.
